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We report on the interlayer exchange coupling across insulating barriers observed on Ni80Fe20/
Ba0.05Sr0.95TiO3/La0.66Sr0.33MnO3 (Py/BST0.05/LSMO) trilayers. The coupling mechanism has been
analyzed in terms of the barrier thickness, samples’ substrate, and temperature. We examined the
effect of MgO (MGO) and SrTiO3 (STO) (001) single-crystalline substrates on the magnetic coupling
and also on the magnetic anisotropies of the samples in order to get a deeper understanding of the
magnetism of the structures. We measured a weak coupling mediated by spin-dependent tunneling
phenomena whose sign and strength depend on barrier thickness and substrate. An antiferromagnetic
(AF) exchange prevails for most of the samples and smoothly increases with the barrier thicknesses
as a consequence of the screening effects of the BST0.05. The coupling monotonically increases with
temperature in all the samples and this behavior is attributed to thermally assisted mechanisms. The
magnetic anisotropy of both magnetic components has a cubic symmetry that in the case of permalloy
is added to a small uniaxial component. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4960639]
In recent years, researchers have renewed their interest in
the fundamental physics inherent to the spin dependent tunnel-
ing phenomena, which governs the performance of magnetic
tunnel junctions.1 Perovskite manganites and titanates have
shown an outstanding potential for spintronics devices, as
they show a rich variety of transport and magnetic properties.2
In particular, La0.67Sr0.33MnO3 (LSMO) has been extensively
studied as a possible source of spin-polarized electrons at
room temperature.3 The choice of the tunneling barrier is also
a relevant issue to improve the performance of these devices.4
Low-doped barium strontium titanate, BaxSr1xTiO3 (BSTx),
has emerged as a good candidate for application in tunable
microwave devices due to its large permittivity and high
breakdown-field.5 These materials present a ferroelectric
phase transition at low temperatures and are usually operated
above the Curie temperature due to their large permittivity.
For instance, the Curie temperature of BST0.05 single crystals
is around 60 K.6
LSMO and BST0.05 are distorted perovskites with a
pseudo-cubic lattice parameter of 0.387 nm and 0.391 nm,
respectively.7,8 The small lattice mismatch between both com-
pounds, g¼ (aLSMO-aBST0.05)/aLSMO1%, together with the
ferroelectric and insulating character of the BST0.05 motivated
us to integrate them in a multiferroic tunnel junction.9 An
asymmetric junction was so designed, integrating as the second
electrode a layer of permalloy (Py). This choice has been done
taking into account that high-quality Py films can be grown
onto oxide substrates in spite of the large lattice mismatch at
Py/OX interfaces and its soft magnetic properties.10 The char-
acteristics of ferromagnetic (FM)/barrier interfaces,11 i.e., crea-
tion of ultrathin magnetic layers by charge transfer12 and/or
the existence of magnetic “dead” layers13 at them, are known
to play a crucial role in the tunneling magneto-resistance
effect. Oxide-based interfaces are particularly reactive and the
exchange-bias effect is usually observed in these systems
arisen from the appearance of antiferromagnetic layers at the
interface of magnetic/non-magnetic layers.14 The existence of
an interlayer exchange coupling (IEC) across ferroelectric bar-
riers has been theoretically predicted by Zhuravlev and cow-
orkers in a recent article.15 The IEC between ferromagnetic
electrodes through an insulating spacer, as shown by
Slonczewski,16 is determined by the evanescent states in the
barrier. The coupling, therefore, exhibits a characteristic tem-
perature and thickness dependence.
Here, we study the nature of the magnetic coupling
across a ferroelectric barrier in a multiferroic tunnel struc-
ture, exploring the effect of substrate and temperature on it.
The influence of strains arisen at the substrate/electrode and
barrier/electrode interfaces on the magnetic properties of the
FM electrodes is also analyzed.
Ni80Fe20/Ba0.05Sr0.95TiO3/La0.66Sr0.33MnO3//S trilayers
were deposited on single-crystalline substrates (S) by dc
magnetron sputtering as described elsewhere.17 Two series
of samples were used in this study with barrier thicknesses
tb, 0.8 nm  tb 3.8 nm. One of them, tb-SrTiO3 (STO), was
grown on (001) STO and the second-one, tb-MgO (MGO),
was deposited on MGO. The thickness of LSMO and Py
electrodes is 75 nm and 50 nm, respectively, across the whole
series of samples. The crystalline structure of the samples
was explored by XRD experiments and the surface of the
samples was characterized by atomic force microscopy
(AFM) and conductive-AFM (C-AFM).17
These measurements showed that the samples’ roughness
increases from 0.2 to 0.4 nm as the thickness of the barrier layer
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increases from 0.4 nm to 15.2 nm. C-AFM measurements con-
firm the smooth growth of the barrier layer over the manga-
nite layer, with a good coverage of the ferromagnetic (FM)
electrode for barriers’ thickness larger than 1.5 nm grown on
(001) STO substrates. These results give us valuable infor-
mation for the analysis of magnetic coupling mechanisms in
our samples.
Magnetic measurements were done in a Vibrating Sample
Magnetometer (VSM) and 7 T-SQUID magnetometers, with
the magnetic field applied along the (100) axis in the plane of
the films. Magnetization loops were measured at temperatures
between 5 K and 300 K. The measurements in the SQUID
were performed in non-overshoot mode and high resolution
field option, whereas the VSM measurements were performed
in linear mode. In all the cases, the field step was not larger
than 1 Oe or 2 Oe and the ramp velocity 0.2 Oe/s maximum.
This method was accurate enough to resolve shifts of the hys-
teresis loops up to 2 Oe. Ferromagnetic Resonance (FMR)
measurements were carried out in a commercial Bruker ESP
300 spectrometer. A frequency of 9.5 GHz (X-Band) was used
to measure the in-plane angular variation of the resonance field
at temperatures between 100 K and 300 K in order to get an
insight into the magnetic anisotropy of the samples. The whole
set of FMR spectra was collected by rotating the sample while
keeping the external magnetic field H always parallel to the
sample plane.
The quality of the samples in terms of crystalline struc-
ture was investigated by XRD experiments (Figure 1). The
lattice mismatch between LSMO and STO is 1% so
the manganite is expected to be weakly tensile strained in
the plane of the films. The lattice mismatch is 8% for
LSMO/MGO. In these cases, LSMO films are relaxed by
misfit dislocations. In both series of samples, LSMO is tex-
tured with (00 n) parallel to the samples’ normal. The Py
reflections are much difficult to identify due to their weak
signals and their superposition with other peaks in the
MGO series of samples. From the analysis in the range
20< 2h< 100 of the XRD spectra, the orientations (001)
and (110) were identified in samples grown onto MGO sub-
strates (Figure 1(a)) whereas only reflections corresponding
to Py (110) and (111) were hardly observed for STO sam-
ples (Fig. 1(b)). In general, Py overcomes the large mis-
match between the lattice parameters of films and oxides by
creating dislocations.18–20 Under these circumstances, FMR
becomes a suitable tool to characterize the symmetry of
the magnetic anisotropy of the system, and so to infer some
information about its orientations as will be discussed
below.
FMR spectra show, at T¼ 250 K, two resonance lines
associated with the Py and the LSMO layers, respectively,
separated by a 2 nm BST0.05 spacer. (Figure 2(a)) The mea-
suring temperature was chosen in order to have the two mag-
netic components well resolved, while both Py and LSMO
are still in the ferromagnetic phase. Fig. 2(b) plots the in-
plane angular variations of the resonance field of permalloy,
namely, Hres-Py. Note that the overall magnetic anisotropy
of the Py layer is very small. It is well described by a four-
fold cubic symmetry of the magnetocrystalline term with
K4  3 103 erg/cm3, superimposed with a tiny uniaxial
component. The FMR results are consistent with the XRD
ones that reveal the presence of different orientations of Py
in the multilayers and agree with previous references.10,21
The LSMO layer also shows a cubic magnetic anisotropy22
as expected from the pseudo-cubic structure of the com-
pound with K4  1.5 104 erg/cm3 at 250 K.
A typical magnetization loop is shown in Fig. 3(a). It
can be noticed that the magnetization reversal occurs in two-
steps, suggesting that the Py and LSMO are weakly coupled
or not coupled at all. A notable difference of Py and LSMO
coercive fields, softer and harder contributions, respectively,
is reflected on the loops. A magnetization plateau is noticed
at intermediate fields where an antiparallel arrangement (AP)
of both magnetizations is set.
The magnetization loops are strongly affected by sub-
strates and barrier thickness. In order to get a first characteri-
zation of the magnetization reversal of both components, the
coercive fields of the LSMO and Py layers were calculated
by averaging the coercive fields at the inflexion point for
increasing (Hc
þ) and decreasing (Hc
) magnetic field loops’
branches. The curves were differentiated numerically and
the corresponding peaks were fitted with a Gaussian function
to finally determine the coercive field as the mean value of
the fit. In Figs. 3(b) and 3(c), we show the variation of the Py
and LSMO coercive fields with the spacer thickness and dif-
ferent substrates. As outlined above, both coercive fields are
FIG. 1. XRD patterns of tb¼ 3.1 nm for (a) MGO and (b) STO substrates.
FIG. 2. (a) FMR spectrum of a 0.8-MGO trilayer, recorded at T¼ 250 K in
the in-plane experimental set-up. (b) In-plane angular variation of the reso-
nance field (Hres) of (top) Py and (bottom) LSMO layers.
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clearly distinguished in all the samples. The effect of the
substrate is more pronounced in the LSMO layers than in Py
ones. This result is easily understood taking into account that
this electrode is grown onto the substrate. The coercive field
of the Py layers is almost independent of the substrate, as
expected, and very sensitive to strains at the Py/BST0.05
interface as appreciated from the Hc vs. tb plot (Fig. 3(b)).
Clearly, it is affected by the lattice relaxation at the barrier
as denoted by its variation with the spacer thickness.
The lattice mismatch between LSMO and the two sub-
strates is very different, varying from 1% for STO to
8% for MGO. The LSMO accommodates onto MGO by
introducing misfit dislocations planes23 so higher Hc is
expected for these layers. The negligible variation of the
LSMO coercive field with the spacer thickness for MGO
samples denotes that LSMO is more affected by LSMO-
substrate interfaces rather than those with the barrier, where
the mismatch is much smaller and the film is expected to be
strained. On the other hand, LSMO grown on STO is
strained at both interfaces due to the close similarity of the
crystalline structure of STO and BSTO. Therefore, the coer-
cive field of the strained LSMO appears to be more sensitive
to slight variations of the barrier thickness than the LSMO
grown on MGO (Fig. 3(c)).
An estimation of the coupling strength was deduced
from the measurements of minor loops. This is possible by
measuring minor loop cycles in which the soft Py layer,
whose magnetization is in principle parallel aligned with the
LSMO magnetization, is forced to flip their magnetization
direction in order to reach an antiparallel alignment. Then,
the magnetic field is reversed until the magnetization of the
soft layer flips again to a parallel state. The shift DH of the
minor loops hysteresis determines the strength of the mag-
netic coupling. Following this procedure, the exchange cou-
pling constant J has been calculated for different barrier
thicknesses, substrates, and temperatures. A simple free-
energy calculation based on the Stoner-Wohlfarth model for
single domain layers gives the exchange coupling J in terms




where MLSMO is the saturation magnetization of the LSMO.
The model assumes an in plane uniaxial magnetic anisot-
ropy and J> 0 (J< 0) corresponds to a FM (AF) coupling,
respectively.
The thickness dependence of the exchange coupling for
both substrates is plotted in Fig. 4 and the error bars corre-
spond to an uncertainty of each coercive field of61 Oe.
The coupling is AF for MGO trilayers. As the barrier
thickness increases, J decreases, reaching a minimum value
for 2.3 nm and increasing again for thicker barriers. Instead,
the coupling in STO trilayers is FM for thin barriers and
becomes AF for thicker barriers. The AF coupling strength
for tb> 2.3 nm in STO trilayers is comparable to J values
measured for MGO ones.
The weak FM coupling observed for the 0.8-STO sam-
ple could be attributed to the existence of pinholes, which
are more likely as the barrier gets thinner.24 The presence of
the AF coupling even for 0.8 nm barrier layers in samples
grown on MGO is in agreement with a high surface quality
and the absence of pinholes.
The coupling values are one order of magnitude lower
than those reported in Fe/MgO/Fe tunnel junctions,24 in
which the coupling is governed by spin polarized tunneling.
These phenomena is usually explained based on the spin-
current Slonczewski’s model,16 which states that the inter-
layer exchange coupling results from the torque exerted by
rotation of the magnetization from one FM layer relative to
FIG. 3. (a) Hysteresis loop of a 3.1-MGO trilayer, measured at 51 K with the
field oriented parallel to the 100 crystallographic direction of the substrate.
Inset: Full hysteresis cycle taken between 1 T and 1 T. Coercive field vs.
spacer thickness for (b) Py and (c) LSMO layers. () and (•) symbols cor-
respond to samples deposited on STO and MGO substrates, respectively,
and measured at 51 K.
FIG. 4. Exchange coupling J as a function of the barrier thickness t. The val-
ues were calculated from minor hysteresis loops measured at 51 K for (red
circle) STO and () MGO substrates, respectively.
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another, and is described in terms of a spin-flip current prob-
ability calculated from the stationary wave functions of the
free electron Schr€odinger equation.25 The model predicts an
increasing AF coupling for thinner thicknesses, which agrees
with our results for the tb-MGO series. Discontinuous changes
of the potential at the electrode-barrier interface could dimin-
ish the spin-polarization factor and are capable of changing
the sign of the coupling. The magnitude and sign of J depend
on the height of the barrier and the Stoner splitting in the fer-
romagnets. In contrast to this model and previous reports,24–26
no change of sign in the coupling is observed for thicker insu-
lating spacers.
The spin polarization depends on the electron structure of
the electrode and also on the electrode-interface character. In
the present case, the properties of the spacer comes into play;
due to the large dielectric constant values of BST0.05,
27,28 the
spacer can partially screen the tunneling electrons between the
FM layers and, therefore, reduce the coupling strength. The
screening effect together with the charge transfer between
LSMO and BST could be responsible for the less pronounced
thickness dependence and no change of sign of the coupling.
Note that the AF coupling is preserved for barrier thicknesses
ranging from 0.8 nm to 3.8 nm; no other AF coupling in junc-
tions with barriers of this range of thicknesses was reported.
Most reports24 refer to an orange-peel coupling at larger thick-
nesses when they have a weak FM coupling. In these samples,
our results do not support the hypothesis of a magnetic
exchange arisen from interface modulation effects. The
orange-peel coupling can be estimated in terms of the wave-
length of the roughness oscillations. Based on the Neel
model,29,30 the orange peel coupling turns out to be no longer
than 5 104 erg/cm3, which is negligible compared to the
quantum tunneling coupling; this gives another evidence of
the interface quality and low roughness values of our samples.
Even though the order of magnitude agrees well with previous
reports,31 we find a non-monotonic variation of the coupling
strength with the spacer thickness for MGO structures. We
understand this result as a consequence of the screening effect
originated by the high dielectric permittivity of the spacer.
At large barrier thicknesses, Bruno32 proposed a model
that explains the AF coupling in terms of the quantum inter-
ference due to the (spin-dependent) reflections of Bloch
waves at the paramagnet-ferromagnet interfaces. The results
for an insulating spacer at T¼ 0 K show that the sign of the
coupling at large spacer thicknesses is determined by the
Fermi wave vector for majority-spin and minority-spin elec-
trons in a ferromagnet. This model also predicts an increas-
ing coupling with temperature. To further support this
model, we analyzed the coupling vs. temperature (Fig. 5). In
all cases, the AF coupling increases with temperature, in
agreement with Bruno’s model. For temperatures higher than
50 K, we observe a plateau, irrespective of the barrier thick-
ness. Assuming a semiconductor barrier, the contribution to
the coupling arises from electrons in the valence band close
to the Fermi energy, which has a higher probability of being
thermally excited as the temperature is increased.33 At lower
temperatures, the slope of the curve is more pronounced and
the coupling has a change of sign. These features have
already been reported on trilayers of Fe/SC/Fe, where the SC
represents different semiconductors spacers.34,35 The authors
propose the existence of a weakly bond electron state, at or
near the interfaces that may belong to impurities in the semi-
conductor material. In our case, the orbital reconstruction at
both interfaces could give rise to the formation of these bond
states, which in turn leads to an overlap of these states across
the interface, with the formation of molecular orbitals.
Previous reports claimed that the oxygen vacancies pre-
sent at the barrier in Fe/MgO/Fe junctions can fully explain
the coupling mechanism. However, theoretical models31 pre-
dict a coupling strength that decreases with temperature,
assuming a barrier that contains impurities or defects. This
behavior is opposite to the one shown by our structures and
discards the possibility of magnetic coupling dominated by
oxygen vacancies at the barrier. Nevertheless, defects or
oxygen vacancies could still be present either at the interface
or within the insulating spacer.
In summary, we studied the interlayer magnetic cou-
pling in Py/BST0.05/LSMO trilayers for barrier thicknesses
of a few unit cells’ width, in terms of the temperature and
the thickness spacer. An interlayer magnetic coupling pro-
duced by a spin-dependent quantum electron tunneling is
observed, in which the spin polarization present at the inter-
faces comes into play. The high dielectric permittivity of the
barrier becomes relevant in the coupling, as it screens the
tunneling electrons through the FM layers. As a result, the
AF interlayer exchange coupling mediated by tunneling cur-
rents persists even for thicknesses larger than the already
reported values for typical MgO barriers,26 giving the possi-
bility to extend the functionality for larger tunneling barriers.
The larger AF coupling observed in samples with thicker
barriers is an outstanding result and suggests that further
research should be done to explore this phenomenon.
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